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Efforts carried on during the second quarterly period under
Contract NO w63-0406-d have included: (1) endurance testing of two promising
new splash-cooled two-inch test combustor designs capable of operating under
conditions simmlating low-level tactical fighter attack missiens and/or sub-
marine search missions by a regenerative turboprop-equipped aircraft; (2) plann-
ing and statistical design of a test program to determine whether the 0.4 weight
per cent maximum total sulfur now allowed in JP-5 fuel is a safe level for
protection of modern turbine blading alloya from hot gas corrosion and, if not,
data will be obtained to show whether lower sulfur limits will alleviate corro-
sion significantly. These studies will be carried on with and without ingested
sea water to show whether or not fuel sulfur accelerates sea salt corrosion.

This report describes the combustor design selected for this work
and its performance and explains the test program planned and the information
to be gained fiom it.
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I. INTRODUCTION

During the second quarterly period under Contract NO w63-0406-d
work has included: (1) endurance testing of two promising new twe-inch
test combustor designs capable of operating under conditions simulating a low-
level attack mission by a naval tactical fighter and/or submarine search and
surveillance mission by a regenerative turboprop-equipped airecraft, and (2)
statistical design of a test program to determine whether the 0.4 weight
per cent maximum total sulfur currently allewed in JP-5 fuel is a safe level
for protection of modern turbine blading alloys from hot gas corrosion;
if not, information will be obtained to show whether lower sulfur limits
would alleviate corrosion significantly. These studies will be conducted
with and without ingested sea water to show whether sulfur in the fuel
accelerates sea salt corrosion. It is intended that the resulting program
will be carried on using the better of the new combustor designs operating
under conditions simulating the flight regimes described above. It is the
purpose of this report to describe the combustor design selected for this
work and its performance and to explain the test program planned and the
information to be gained from the program.

II. EVALUATION OF NEW 2-INCH COMBUSTOR DESIGNS

As previously mentioned in Progress Report No. 1, attempts to
operate the existing Phillips 2-Inch Research Combustor under conditions
simulating an attack mission by a naval tactical fighter resulted in

catastrophic failures of combustor liners. Various simple changes were
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tried without success. At this point it became clear that this combustor
was not satisfactory for operation under these comditions. Operations
with this combustor were suspended and combustor redesign studies were
initiated.

Sixteen individual configurations were evaluated in the combustor
development program. Of these sixteen two were selected for endurance
testing. Details of the design of the combustor finally selected are shown
in Table I and its performance in Table II. A schematic drawing of this
combustor together with associated equipment to be used in turbine blading
corrosion studies is shown in Figure I. It will be noted that this design
differs sharply from previous Phillips 2-inch test combustors in the use of
"splash cooling", accomplished by blanketing the inner surface of the
Inconel flame tube with a film of air.

Perhaps the degree of difficulty in developing a durable 2-inch
coambustor for use at these extreme conditions can be realigzed by pointing
out that the so-called "cooling" air flowing through the splash rings enters
‘t;he combustor at red-heat metal temperature. As seen in Table II, the
selected design has completed ten hours of operation at 1200 F inlet air
temperature (deliberately made 200 F more severe than the desired operating
temperature of 1000 F in order to provide for growth and safety margins),
450 in. Hg abs. combustor pressure, 225 ft/sec. reference velocity and 2000 F
exhaust gas temperature. No damage to the liner was visible, and its weight
loss was less than 0.1 per cent. This near perfect durability and excellent
exhaust gas temperature profile are important to the use of the combustor
in evaluating sulfur-sea water corrosion of turbine blades. This corrosion
study, to be subsequently discussed herein, will be possible now that a suit-
able combustor is available.
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It should be noted from Figure 1 that means for measuring the
surface temperature of turbine inlet guide vane test strips as well as exhaust
gas temperature have been incorporated into the Phillips 2-Inch Combustor.
This will be done by sighting through the two sight tubes to the hot test
strips using an optical pyrometer. Trial tests using this technique have
proven successful. This method circumvents the inevitable problems associated
with attachment of thermocouples to the test specimens, etc.
IIT. DESIGN OF HOT GAS CORROSION TEST PROGRAM

As previously mentioned, efforts during this reporting period have
included planning of a statistical block test program which is designed to
yield data on the effects of sulfur/sea water corrosion under conditions
simulating a low-level tactical fighter mission and/or a regenerative turbo-
prop-equipped submarine search aircraft. Tt.xe operating conditions selected
for this program are as follows:

Combustor Pressure = 50 in, Hg abs.

Inlet Reference Velocity = 200 ft/sec.

Inlet Air Temperature = 1000 F

Average Exhaust Gas Temperature = 2000 F

The operating cycle for thesg tests will be 55 minutes at the above
conditions followed by 5 minutes of shutdown time. This cycle will be re-
peated for a total of 10 hours test time. The base fuel selected for the
program is a West Texas production ASTM Type A turbine fuel containing
0.0002 weight per cent sulfur.

From the standpoint of fuel variables, the prime information desired
from the program is whether or not the 0.4 weight per cent maximum total sulfur
currently allowed in JP-5 fuel is a safe level with regard to the durability
of "hot section" components, particularly under conditions favoring the
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ingestion of sea water. Information should alsc be obtained to show whether
or not lower sulfur limits would alleviate corrosion significantly (with
and without sea water ingestion) should the 0., per cent level prove wunsafe.
Additionally, the corrosiveness of ingested sea water per se (little or no
sulfur in fuel) should be established.

It is believed that the statistical block program shown below
will meet the above described objectives as well as provide evaluation of
five superalloys which are currently of maximum interest for application
in high temperature sulfur/sea salt laden envircnments:

15 Parts Ingested Sea Salt,

per Million Parts
Combustor

No Sea Water Total Mass Thro ut
0.0002% 0.04% O0.4% 0.0002% 0.0,% o.t’?

Sulfur Sulfur Sulfur Sulfur Sulfur Sulfur

Alloy Fuel*  Fueli* Fueli Fuel®*  Fuel¥® Fueli

Sierra Metal 200 8 L 10 2 n 7
6 3 1 5 9 12
Sierra Metal 302 5 8 6 4 10 9
11 3 7 1 2 12
Inconel 713C 6 1 7 10 IN 3
8 12 9 11 5 2
Udimet 700 3 8 11 12 2 4L
9 7 1l 10 6 5
Stellite 31 2 3 10 9 I é
7 1 12 11 5 8

#Base Fuel

#¥Base Fuel plus sufficient ditertiary butyl disulfide to yield 0.04% total sulfur.
##¥Base Fuel plus sufficient ditertiary butyl dismlfide to yield 0.04¥ total sulfur.

(Note: Numbers indicate order of running of tests.)

It will be noted from inspection of the bleek that the order of
running of the tests has been randomised for_ tests on a given alloy. Ideally,
the complete block would be randomised but in this case it was declded to
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complete testing of each alloy before proceeding to the next alloy in order
to be assured of having coherent data packages in the least time. Statistica
analysis of the data for each metal will yield variance estimates permitting
tests for significance of the following effects:

Effect Degrees of Freedem
Fuel Sulfur Content 2
Sea Water Ingestion (with and without) 1
Interaction Between Sulfur and Sea Water 2
Repeatability 6

If, upon completion of the evaluation of all the alloys, it can
be shown by statistical tests that the standard deviations computed from
the data on each alloy differ only by amounts expected by chance alone
(a not unlikely result) the entire block of data may be pooled to yield
the following:

Effect Degrees of Freedom

Fuel Sulfur Content 2
Sea Water Ingestion (w/and w/o) 1
Alloy Type L
Interaction: Sulfur-Sea Water 2
Interaction: Sulfur-Alloys 8
Interaction: Sea Water-Alloys 4
Interaction: Sulfur-Sea Water-Alloys 8
Repeatability 30
Although this analysis will be based principally upon measure-
ments of weight loss, it is planned also to obtain other measurements such
as loss in tensile strength and ductility, hardness and others as deemed
desirable. Metallographic information will be obtained as supporting evidence

in those cases where it appears useful and/or desirable.

[}
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As was done in obtaining the weight loss data reported in Progress
Report No. 1, the turbine guide vane test specimens will be descaled cathodic-
ally in molten caustic soda at the end of each ten<hour run prior to reweigh-
ing. This will be carried on according to the technique outlined in (4).

IV. OUTLINE OF PLANNED FUTURE EFFORTS

It is planned to carry on testing as per the program outlined in III,
above, during the third quarterly period under Contract NO w63-04,06-d. Test-
ing will be started using Inconel 713C investment cast test specimens which
| are now on hand. Testing with other alloys will follow in whatever order
they become avallable from the casting supplier.

Work will also be started, during the third quarterly period, on a
study of the relationship between hydrocarbon structuré and flame radiation
in aix'-craft gas turbine type combustion processes. Forty-four pure hydroc':arbons
have been obtained for this study, and are listed in Table III with presently
avallable physical ahd chemical properties of pertinence. The variation in
Luminemeter Number and hydrogen content over the boiling peint range ef
these test fuels is shown in Figures 2 and 3 respectively. Initial measure-
ments of total radiant energy from their flames, when burned in Phillips
Microburner, will be made using Leeds & Northrup Rayotubes. The Microburner
will be operated over a broad range of fuel-air mixture ratios,.";imulating
premixed turbulent flames to diffusion turbulent flames. A dual channel
Barnes Research Radiometer is also being modified for measurement of both
total flame radiant energy and radiant energy at the 4.4 micron CO, peak
for determination of flame emissivity.
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TA I
DESIGN DETAILS OF PHILLIPS 2-INCH COMBUSTOR FOR OPERATION AT SIMULATED
SUPERSONIC FLIGHT CONDITIONS FOR STUDY OF EXHAUST PRODUCT CORROSION

Configuration No. 15: (See also Figure 1)

Splash Coocling Air :
Hole Diameter, in. 0.125

Holes/Station 16
No. of Stations 7
Total No. of Holes 112
Total Hole Area, in? 1.38
% Total Hole Area 42
Primary Combustion Air
Hole Diameter, in. 0.250
Total No. of Holes 4
Total Hole Area, in2 0.20
%€ Total Hole Area 6
Secondary Combustion Air
Hole Diameter, in. 0.375
Total No. of Holes 4
Total Hole Area, in? 0.4k
% Total Hole Area hVA
Quench Air
Hole Diameter, in. 0.625
Total No. of Holes 2 L
Total Hole Area, in% 1.22
% Total Hole Area 38
Total Combustor Area, in2 3,24
% Cross Sectional Area 122

Fuel Nozzle and Combustor Dome
Spray Angle, degrees 45
Shield Hole Diameter, in. 0.625
Air Atomizer Swirl Plate? Yes
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TABLE 1I

PERFORMANCE OF PHILLIPS 2-INCH SPLASH-COOLED COMBUSTOR (CONFIGURATION 15)
UNDER SIMULATED SUPERSONIC FLIGHT CONDITIONS

Operating Conditions: Combustor Pressure = 450 in.Hg abs;
Reference Velocity = 225 ft/sec.;
Inlet Air Temp, = 1200 F

Operating Cycle: 55 minutes at above conditions followed by 5 minutes shutdaun.
Running Time, hr/min. 0 1:55 3:55  5:55  7:55  9:55
Air Plow, 1lb/sec. 1.57 1.57 1.57 1.57 1.57 1.57
Fuel Flow, lb/hr. 76.0 79.5 79.5 79.5 80.5 80.5
Exhaust Gas Temp., F
T.C. #1 (Wall) 2100 2140 2010 2070 2030 2000
T.C. #2 1950 2000 2010 2030 2000 1980
T.C. #3 1810 1850 1910 1900 1920 1930
T.C. #4 (Core) 1930 1960 1970 1960 1960 1970
Average 1947 1987 1975 1990 1977 1970
Combustor Temp. Rise, F 747 787 75 790 7 770
Combustion Efficiency, ¥ 88 90 87 90 a8 88

Combustor Pressure Drop
inches Hg 19.0 22.0 21.5 23.0 23.0 22.5

Combustor Liner
Metal Loss, ¥ — 0.025 - 0.058 - 0.079

Exhaust Gas Temp.
Profile (AT), F 290 290 100 170 no 70
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BOILING POINT, F

FIGURE 2
SPREAD IN LUMINOMETER NUMBER OVER BOILING POINT RANGE OF PURE HYDROCARBONS
SELECTED FOR STUDY OF RELATIONSHIP BETWEEN FUEL MOLECULAR STRUCTURE AND
FLAME RADIATION INTENSITY IN AIRCRAFT GAS TURBINE .TYPE COMBUSTION PROCESSES
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BOILING POINT, F

FIGURE 3
SPREAD IN HYDROGEN CONTENT OVER BOILING POINT RANGE OF PURE HYDROCARBONS
SELECTED FOR STUDY OF RELATIONSHIP BETWEEN FUEL MOLECULAR STRUCTURE AND
FLAME RADIATION INTENSITY IN AIRCRAFT GAS TURBINE TYPE COMBUSTION PROCESSES



